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Abstract 
 
My MS research has focused on planar heterojunction perovskite solar cell as promising technology 
that might be renewable energy resources and the next generation flexible device. Hybrid organic-
inorganic perovskite materials based on lead halides has attracted substantial attention due to their 
outstanding physical properties such as high absorption coefficients, excellent carrier transport with 
long electron-hole diffusion lengths, low exciton binding energies and easily tunable energy band gaps. 
These superb physical characteristics have led to high power conversion efficiencies (PCE) since the 
first research in solution processing perovskite solar cells (PeSCs) was reported in 2009. Perovskite 
solar cell has two types; n-i-p and p-i-n structures and researchers have focused on finding better method 
to produce uniform perovskite films with large crystal domains and complete surface coverage. And 
they have studied diverse approaches to improve device performance via control of the film morphology 
such as interface engineering, induced crystallization with non-solvents, incorporation of processing 
additives and so on. In the case of interfacial engineering, not only obtaining suitable interfacial 
condition for charge transport, but also tuning the energy band structure via doping process is still one 
of most widely employed techniques. In this regard, ZnO nanoparticles (NPs) have been used as an ETL 
in our work due to their outstanding electrical and optical properties as well as their easily controlling 
doping, morphology and composition compared to conventional TiO2 ETLs. Moreover, ZnO NPs films 
may be coated without any thermal treatment and while ZnO possesses a higher conductivity than TiO2, 
which may facilitate electron transport. Despite the advantages of ZnO compared to TiO2, ZnO layer 
has a problem with methylammonium lead iodide (MAPbI3, CH3NH3PbI3). Since ZnO has a natural 
base characteristic, it is able to deprotonate the methylammonium cation and hence degrade the MAPbI3 
layer into methylamine and PbI2 at elevated temperature.  
During my research, I focused on n-i-p structures using ZnO NPs modified with various alkali metal 
carbonate including Li2CO3, Na2CO3, K2CO3 and Cs2CO3, which serve to tune the energy band structure 
of the ZnO ETL. Furthermore, I changed the MAPbI3 to FAPbI3 to get higher thermal stability. 
 
VI 
 
VII 
 
Contents  
 
Chapter1 Introduction 
1.1 Optoelectronic device-----------------------------------------------------------------------------------1 
1.1.1 Photovoltaic device---------------------------------------------------------------------------------1 
1.2 History of photovoltaic device-------------------------------------------------------------------------2 
1.2.1 History of perovskite photovoltaic cell----------------------------------------------------------3 
Chapter 2 Background of perovskite solar cells  
2.1 Perovskite composition---------------------------------------------------------------------------------5 
2.1.1 Influence of A cation-------------------------------------------------------------------------------5 
2.1.2 Influence of B cation-------------------------------------------------------------------------------6 
2.1.3 Influence of X anion. ------------------------------------------------------------------------------6 
2.2 Perovskite solar cell-------------------------------------------------------------------------------------7 
2.2.1 Device of architecture------------------------------------------------------------------------------7 
2.2.2 First issue---------------------------------------------------------------------------------------------8 
2.2.3 Second issue; deposition technique-------------------------------------------------------------10 
Chapter 3 FAPbI3 planar heterojunction perovskite solar cells with alkali carbonate doped 
zinc oxide layer 
3.1 Introduction---------------------------------------------------------------------------------------------15 
3.2 Comparison between MAPbI3 and FAPbI3---------------------------------------------------------16 
3.3 ZnO doping with metal carbonate--------------------------------------------------------------------19 
3.4 Analysis of morphology-------------------------------------------------------------------------------28  
VIII 
 
3.5 Result-----------------------------------------------------------------------------------------------------30 
3.6 Conclusion-----------------------------------------------------------------------------------------------37 
3.7 Experiment method-------------------------------------------------------------------------------------37 
Reference----------------------------------------------------------------------------------------------------39 
Acknowledgement-----------------------------------------------------------------------------------------50 
IX 
 
List of Figures 
 
Figure 1.1 Principle of the solar cells. 
Figure 2.1 Crystal structure of the perovskite materials. 
Figure 2.2 Three major device architectures of perovskite solar cells. 
Figure 2.3 Major organic hole transport materials. 
Figure 2.4 Different deposition methods of Perovskite films. 
Figure 3.1 Thermal stability of MAPbI3 and FAPbI3 deposited on ZnO layer, when each substrate is 
annealed in N2 at 100oC for the times indicated. 
Figure 3.2 (a) Schematic diagram and (b) SEM cross section images of the conventional planar 
perovskite solar cells using doped ZnO. 
Figure 3.3 Current density – voltage characteristics of MAPbI3 and FAPbI3 planar solar cells under 
100mW cm-2 AM1.5 illumination. 
Figure 3.4 External Quantum Efficiency spectra of each of MAPbI3 and FAPbI3 device. 
Figure 3.5a X-ray photoelectron spectra (XPS) data of the Li peak compared between pristine ZnO 
layer and ZnO doped with Li2CO3 layer. 
Figure 3.5b X-ray photoelectron spectra (XPS) data of the Na peak compared between pristine ZnO 
layer and ZnO doped with Na2CO3 layer.  
Figure 3.5c X-ray photoelectron spectra (XPS) data of the K peak compared between pristine ZnO 
layer and ZnO doped with K2CO3 layer. 
Figure 3.5d X-ray photoelectron spectra (XPS) data of the Cs peak compared between pristine ZnO 
layer and ZnO doped with Cs2CO3 layer. 
Figure 3.6 Ultra-violet photoelectron spectra (UPS) data of the Pristine ZnO layer and each ZnO 
doped with metal carbonate layer. 
Figure 3.7a UV-Vis absorption spectrum. 
Figure 3.7b tauc plot spectra of pristine ZnO and ZnO treated with various metal carbonates.  
X 
 
Figure 3.8 Energy band diagram of the ITO/ZnO/M2CO3/FAPbI3/P3HT/Au junction, showing the 
influence of various alkali metal carbonates on the ETL band structure.  
Figure 3.9 AFM height images (10 μm * 10 μm) of (a) pristine ZnO nanoparticle layer (b) Li2CO3 
deposited on the ZnO layer (c) Na2CO3 deposited on the ZnO layer (d) K2CO3 deposited on 
the ZnO layer (e) Cs2CO3 deposited on the ZnO layer. 
Figure 3.10 SEM top-view images of FAPbI3 deposited on (a) a pristine ZnO nanoparticle layer, (b) 
ZnO doped with Li2CO3, (c) ZnO doped with Na2CO3, (d) ZnO doped with K2CO3 and (e) 
ZnO doped with Cs2CO3.  
Figure 3.11 Electrochemical impedance spectra (Nyquist plot) of perovskite solar cells with and 
without a doped ZnO. 
Figure 3.12 Current density – voltage characteristics of FAPbI3 planar solar cells deposited on the 
pristine ZnO layer and each ZnO doped with metal carbonate under 100mW cm-2 AM1.5 
illumination. 
Figure 3.13 External Quantum Efficiency spectra of FAPbI3 planar solar cells deposited on the 
pristine ZnO layer and each ZnO doped with metal carbonate. 
Figure 3.14 Histogram and Gaussian curves of the device efficiency about FAPbI3 perovskite solar 
cell deposited on the pristine ZnO, ZnO doped with Li2CO3, and ZnO doped with 
Cs2CO3. 
Figure 3.15 Histogram of the device short circuit current density about FAPbI3 perovskite solar cell 
deposited on the pristine ZnO, ZnO doped with Li2CO3, and ZnO doped with Cs2CO3.  
Figure 3.16 Histogram of the device open circuit voltage about FAPbI3 perovskite solar cell 
deposited on the pristine ZnO, ZnO doped with Li2CO3, and ZnO doped with Cs2CO3.  
Figure 3.17 Histogram of the device fill factor about FAPbI3 perovskite solar cell deposited on the 
pristine ZnO, ZnO doped with Li2CO3, and ZnO doped with Cs2CO3.  
XI 
 
List of Tables 
Table 2.1 Ionic radii of A cation. 
Table 2.2 Ionic radii of X cation. 
Table 3.1 Solar cell characteristic of MAPbI3 and FAPbI3 devices.  
Table 3.2 Valence Band (Ev) work function of Pristine ZnO and each ZnO doped with metal 
carbonate layer from UPS measurement 
Table 3.3 Energy gap (Eg) of Pristine ZnO and each ZnO doped with metal carbonate layer derived 
from Tauc plots 
Table 3.4 Solar cell characteristic of FAPbI3 deposited on pristine ZnO and ZnO doped with various 
metal carbonates. 
  
1 
 
Chapter 1 
Introduction 
 
1.1 Optoelectronic device 
People in the Earth using fossil fuel (coal, oil, gas, etc.), nuclear power to fill up energy need of people. 
These are main source of energy supply. But these sources are major cause of environmental problem, 
like CO2 emission and danger of radioactive pollution. Two main reason that population and demand of 
energy is ongoing increased, and fuel combustion due to CO2 emission affect global warming make 
people concerned. It must be commercially viable and do not create waste product like CO2. To replace 
todays main source of energy with new renewable energy, researcher study next generation renewable 
energy like hydroelectric, wind energy, tidal power, wave power, biomass, geothermal energy, and solar 
energy. Among them solar energy has three main advantages that it is clean energy not to make any 
product, free to everyone, and sustainable for several years. Next renewable energy must be 
commercially viable and do not create waste product like CO2. So solar cell is best choice. Nowadays, 
markets of solar cell focus inorganic silicon solar cell that are environmentally clean and high efficiency 
but expensive. Then from 1900s organic solar cell is alternative device of silicon cell due to several 
advantages, easy fabrication, low cost, low weight, and mechanically flexible. But this device doesn’t 
have enough power conversion efficiency to be commercialized. As the result, high efficiency 
perovskite solar cell that almost has advantages of organic photovoltaic cell come in to the spotlight.  
 
1.1.1 Photovoltaic device 
Photovoltaic cell makes the voltage or corresponding electric current when a device gets the light that 
is made up packets energy, photons. They build up a voltage between two electrodes. In solar spectrum, 
only 45 percent of incident light energy can be used and this light is visible light range. Around 50% of 
light energy is Infrared range. But Ultra-violet and visible light is good to cause this phenomenon. 
Infrared doesn’t have enough energy to make electron excited. Photovoltaic effect was discovered by 
French physicist Becquerel. He first found the photovoltaic effect to see a platinum electrode coated 
with silver bromide immersed in electrode and first found the photovoltaic effect.1 After that, Albert 
Einstein invented the photoelectric effect in 1905. He observed blue ultraviolet light had enough energy 
that electron can escape from a metal surface completely. This effect can explain well the photovoltaic 
effect theoretically. Photovoltaic process has 4 steps. First is light absorption, second is charge 
generation, third is charge transport, and the last is charge collection. When incident light come in to a 
material, and this light energy is enough to make electron excite, a material absorbs the light. And 
absorbed incident photons hit the electron at the ground state and then make a free carrier. Free carrier 
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made the exciton that is bounded electron and hole. To be extracted from the material, excitons was 
dissociated to free charge and each free charge transports to electrode.  
 
Figure 1.1 Principle of the solar cells 
 
 
1.2 History of photovoltaic device. 
 First report of the photovoltaic device was from French physicist Becquerel in 1839 and he observed 
a platinum with silver coated electrode immersed in electrolyte made a photocurrent.1 In 1876, Adams 
and his coworker first reported solid state Photovoltaic device that made current spontaneously without 
any external power supply when two heated platinum contacts met each other.2 Pochettiro found the 
Anthracene, first organic material that had photoconductivity in 1906.3 In 1950s, p-n junction in Silicon 
photovoltaic cell was researched, got high efficiency and used practical application.4 In 1970s, these 
time occurred energy supply crisis so demands of alternative energy source were increased and attention 
of the photovoltaic cell was also increased. So, researcher focused to make production cost lower. Early 
2000s, Alan. J. Heeger won the Nobel Prize of his research that found the organic semiconductor and 
established this material.5 After Nobel Prize, people are concerned in organic photovoltaic cell. But 
Organic photovoltaic has two main problems; first is low diffusion length of electron and hole, and 
second is low dielectric constant that means it is high binding energy. Then hybrid perovskite solar cell 
became a viable challenger from 2009.6 
 
1.2.1 History of perovskite photovoltaic cell.  
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First perovskite material was calcium titanium oxide mineral CaTiO3 which was found from Ural 
Mountains of Russia by German mineralogist Gustave Rose at 1839. CaTiO3 was named after Lev A. 
Perovski who was Russian mineralogist because he characterized this structure. Thereafter, other 
materials that have same crystal structure with CaTiO3 were also called Perovskite structure. General 
perovskite material has ABX3 chemical formula, where A and B are different size cations (A is larger 
than B) and X are anions. 
 Oxide perovskites (ABO3) are formed by divalent cation A (Ca2+, Mg2+, Pb2+, Ba2+, Sr2+) and 
tetravalent cation B (Fe4+, Ti4+, Si4+) element with anion O2-. They have strong character magnetic, 
ferroelectric, and superconductive properties.7 Their ideal structure has B cation in 6-fold coordination, 
which are surrounded by an octahedron of anions (MX3), and the A cation in 12-fold coordination. In 
this structure, A and B relative radii sizes are important from a tolerant factor perspective. Perovskite 
crystal structures were studied from 1920 by Goldschmidt who conducted tolerant factor. Tolerance 
factor express A-X and M-X bond lengths, t = (RB+RX)/√2(RA+RX) (RA, RB, RX are the ionic radii of 
A, B, and X, respectively).8 Structures are stable when t approaches 1. Using this value, researchers 
have found the proper tuning of composition. First oxide perovskite BaTiO3 generated photocurrent at 
1956, and then LiNbO3 generated similar phenomenon.9 From these pioneering studies, researcher 
began to study possibility of the photovoltaic application in these oxide perovskites. However oxide 
perovskites have higher energy band gap, so it is not adaptable to photovoltaic cell.10 
Halide perovskites (ABX3) are firstly formed from the monovalent alkali metal cations A (Cs+, Li+, Na+, 
K+, Rb+) and the divalent cations B (Be2+, Ni2+, Mg2+, Co2+, Ca2+, Fe2+, Sr2+, Pb2+, Ba2+, Sn2+, Zn2+, Ge2+) 
with halogen anions X (F-, Cl-, Br-, I-). And this has lower energy band gap than oxide perovskites. Until 
1980, there was no report that halide perovskites materials were used to solar absorbers. Salau reported 
a new halogen perovskite, potassium lead iodide (KPbI3) that has a direct energy band gap between 1.4 
and 2.2 eV). The writer suggested these new materials proper to photovoltaic cell because that energy 
gap well matches the solar spectrum. This new solar cell material was anticipated that theoretical 
efficiency is about 36% and operating temperature is 220oC. But he didn’t realize any real solar cell.11 
Independent of alkali metal halide perovskite, organometal halide perovskites (ABX3) are studied for 
the past 20 years. ABX3 consist of organic cations A (aliphatic or aromatic ammonium like 
methylammonium, MA+ or formamidinium, FA+) and the divalent cations B (Cu2+, Ni2+, Cd2+, Co2+, 
Fe2+, Pb2+, Mn2+, Sn2+, Pd2+, Eu2+) with halogen anions X. Among these B cations, researcher focus the 
fourth main group 4A (Ge2+, Sn2+, Pb2+) due to their two main advantages that it is possible to fabricate 
devices at low temperature and it has good optoelectronic properties. For decades, perovskite material 
drew initial interest for light-emitting diode (LED) and thin film transistor (TFT) application due to 
their photo or ionic conductivity and semiconducting properties.12 At the same time, lead based halide 
perovskites and tin based halide perovskites received less attention because it has much less chare 
4 
 
carrier mobility and metallic behavior.13 
In the 2009, Miyasaka realized first organometal halide perovskite photovoltaic cells. They induced 
methylammonium lead halogen (CH3NH3PbX3, X: Cl, Br) as visible-light sensitizes on mesoporous 
TiO2 in a dye sensitized solar cell (DSSC) with liquid electrolyte. This device’s power conversion 
efficiency (PCE) was 3.8%.6 Subsequently, Park and coworkers fabricated liquid electrolyte based 
DSSC using CH3NH3PbI3 and gained the 6.5 % of PCE in 2011.14 In 2012, M. Gratzel used solid 
electrolyte spiro-OMeTAD (2,2’7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobiflurene ) as 
hole transport material (HTM) and they achieved 9.7% efficiency and stability of this cell was increased 
due to solid HTM.15 After that, H. Snaith discovered meso-superstructured solar cells that replace n-
type TiO2 electron transport material (ETM) with an inert Al2O3 scaffold, which get to a 9.7% 
efficiency.16 After that time, researcher focused on perovskite solar cell field.  
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Chapter 2 
Background of Perovskite solar cells 
 
This chapter will be covered the general information of perovskite solar cells on structures, device 
architecture, and important parameters.  
 
2.1Perovskite composition 
 
Figure 2.1 Crystal structure of the perovskite materials 
 
2.1.1 Influence of A cation 
A cation doesn’t directly contribute the band structure and electronic property. But size of A cation 
change the degree of the distortion, electronic property get the effective.17 And optical properties are 
affected due to variation of its size. Size of cation can affect the whole lattice to contract or expand and 
change the B-X bond length that play an important role in determining the band gap.18,19 A lattice site 
is filled by small monovalent cation A, such as methylammonium (MA), cesium (Cs), ethylammonium 
(EA), formamidinium (FA). As RA increasing, tolerant factor (t) approaches 1, and make higher packing 
symmetry and then smaller energy band gap. Since A cation must fit in the corner-sharing metal halide 
octahedral, it has relatively smaller size range. When t=1, RA must not be larger than 0.26 nm due to 
maintain cubic symmetry. Candidates for A cation sizes are RCs<RMA<RFA<REA.20 
MA is widely used cation for hybrid perovskite solar cell with RMA =0.18 nm.21 At room temperature, 
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MAPbI3 retains tetragonal symmetry due to small size, and then it gets 1.51-1.55 eV of energy gap. By 
decreasing RA, perovskite yields the smaller band gap corresponding to get light harvesting.22,20,23 But 
Replacement MA with excessively large cation EA(REA=2.3 Å) makes 3D symmetry changed to 2 D 
orthorhombic crystal and yields larger energy band gap 2.2eV.24 FA yield a higher symmetry than EA. 
FA-I ion interaction is natively disordered so FAPbI3 has trigonal structures. And its band gap is closer 
to optimal band gap 1.4 eV of solar cell, 1.34~1.48 eV.22,25,26 Cs is smaller size cation (RCs=1.67 Å), and 
make octahedral tilting resulting in t reduced (lower symmetry). CsPbI3 has higher energy gap 1.73 
eV.20 
Ion EA FA MA Cs 
Ionic radius (Å) 2.3 1.9-2.2 1.8 1.67 
 
Table 2.1 Ionic radii of A cation. 
 
2.1.2 Influence of B cation 
In B sites, fourth main group 4A cation with divalent oxidation state (Ge2+, Sn2+, Pb2+) are sited. In 
Germanium (Ge) case, AGeX3 has been studied rarely due to unstable 2+ oxidation state.27,28,29 In the 
perovskite ABX3 structure, X-B-X bond angle affect the energy gap. Each B-I-B angles in MI6 structure 
are 166.27o of Ge, 159.61o of Sn and 155.19o of Pb.30 At the same time, reduction of covalent character 
of B-I that means increasing difference between electron-negativity of B and I yields growth of energy 
gap. So, energy gap of ABI3 is AGeI3<ASnI3<APbI3. MASnX3 energy gap is range between from 1.2 
to 1.4 eV and more optimum than MAPbX3 that has energy gap between 1.6-1.8 eV.28,29,31 But Sn2+ is 
well oxidized to Sn4+ under air condition that means Sn based perovskite is very sensitive in air.32 So 
Until now, although tin based perovskite solar cell has been expected to get higher photocurrent density, 
lead based perovskite solar cell is focused by researchers.  
 
2.1.3 Influence of X anion 
As down in VIIA group (Cl→Br→I), atomic size of anion is decreased resulting in growth of lattice 
constant. Accordingly, electron-negativity is decreased. Also, decline of electron-negativity yields the 
increasing covalent character. And incline covalent character make energy gap red shift.32 Iodide (I) has 
similar covalent character with Pb because iodide position in the periodic table is closer to Pb. So APbI3 
structure is most stable and widely used. Chloride (Cl) improves the diffusion length and carrier life 
time. Tuning the Cl to APbI3 retain the same energy gap with pure iodide structure. Ionic radii and 
covalent character of Cl are largely different with those of I. As the result, tuning Cl ions with I ions is 
difficult. Mixed MAPbI3-XClX has highly oriented crystalline structure due to Cl doping.33,34,35 Bromide 
(Br) are used to tune the energy band gap of the APbI3. Due to larger ionic radii of Br than that of I, Br 
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make a compressive stress on Pb-I bonds, and its stress make the distortion of the structure.36,33 
Simultaneously it leads increasing the band gap. In case of Fluoride (F), it was expected to be good 
optoelectronic device, however, its strong hydrogen bonding (N-H-F) cause a disagreeable tolerance 
factor and high degree of strain.37,38 
Ion I Br Cl F 
Ionic radius (Å) 2.2 1.96 1.81 1.33 
 
Table 2.2 Ionic radii of X cation. 
 
2.2 Perovskite solar cell 
2.2.1 Device of architecture  
Perovskite solar cell was originally initiated from dye sensitized solar cell (DSSC). Researcher 
changed from the conventional dye to perovskite material.6 After that they use mesoporous TiO2 
scaffolds. On transparent conductive oxide (TCO), compact TiO2 is covered and then mesoporous 
TiO2is stacked on it. Perovskite material is infiltrated on mesoporous TiO2 scaffold about 350 nm. Due 
to their thickness, perovskite absorbs a great part of incident photons.25,39 TiO2 block has been studied 
so researcher changed the block to nanowire, nanorod, nanocones, nanofibers, nanotubes, 
nanohelics.40,41,42,43,44 Around the same time, insulating scaffold of Al2O3 was induced the cell to achieve 
adaptable PCE. But after further study, perovskite already has better transport of both electron and hole 
resulting in not necessary for mesoporous scaffold. To make simple device, researcher designed the 
planar heterojunction perovskite solar cell that was sandwiched between hole and electron transport 
layer (HTL, ETL). Planar configuration has two categories, n-i-p and p-i-n structure. n-i-p structures 
are glass/TCO/ETL/perovskite/HTL/metal, the other way, p-i-n structures are 
glass/TCO/HTL/perovskite/ETL/metal.45-46 In that structure, researchers focus on two issues due to 
simple structure. First is finding better HTL and ETL and interface engineering. Second is a deposition 
technique to make proper film. Other configuration is perovskite/BHJ (bulk heterojunction).47 
 
Figure 2.2 Three major device architectures of perovskite solar cells. 
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2.2.2 First issue 
Hole transport material  
HTM has been studied since appearance of perovskite solar cell because perovskite solar cell was 
comprised from DSSC and that structure use TiO2. HTM has various types, organic small molecules, 
oligomers, polymers, inorganic crystal. In organic small molecules case, 2,2’,7,7’-Tetrakis[N,N-di(4-
methoxyphenyl)amino]9,9’-spirobifluorene (spiro-OMeTAD) was used as HTM from 2012.15 Pristine 
spiro-OMeTAD has low electric conductivity, then it was chemical doped to increase carrier 
concentration and conductivity.48,49 And researchers have developed other new small molecule HTM. 
Among them, there was acceptor-donor-acceptor (A-D-A) type small molecules like OPV.50,51 Among 
them, there was M1 that has benzo[1,2b:4,5b’]-dithiophene (BDT) donor and a phenoxazine (POZ) 
acceptor.52 Conjugated polymer also has been studied. Among them, PEODT:PSS has various 
advantages; excellent transparency, adaptable work function, high conductivity, and good chemical 
stability. But PEDOT:PSS is used at inverted configuration due to their water based characteristic.53 But 
it has relatively low difference of work function between perovskite and itself. Another conjugated 
polymer is poly(3-hexylthiophene-2,5-diyl) (P3HT) that has many advantages; excellent electrical 
property, dense structure, and easy processing.54 Poly-triarylamine (PTAA) is pillared structure and that 
has 12% PCE at 2013. It has higher open circuit voltage (Voc) and fill factor (FF) due to adaptable 
energy level and conductivity.53 And then other polymer has been used as HTM. Inorganic HTM has 
high stability and low cost than others. CuI has high short circuit current density (Jsc), FF and stable 
photocurrent, but it has lower Voc due to severe recombination.55 NiO was first reported metal oxide as 
HTL. It was used as p-i-n structure like PEDOT:PSS, and then it has higher quality than PEDOT:PSS 
as regards it has better wetting and energy alignments.56 CuSCN that has high hole mobility, better 
chemical stability and solution process got the 12.4% efficiency at 2014.57,58
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Figure 2.3 Major organic hole transport materials. 
 
 
Electron transport material 
TiO2 has been studied from DSSC and it extracts electron well, and retards recombination of holes at 
electrodes. But compact TiO2 has to be annealed up to 450oC.16 To avoid high annealing temperature, 
researchers found the sol-gel process of making TiO2.59 And ZnO has new alternative ETM that used as 
electron selective contact.60 PC60BM has been well used with PEDOT:PSS, and it makes PL quenching. 
P71BM has higher Jsc and FF than PC60BM due to better response in visible region.61 To get higher PCE, 
researchers used double fullerene layer, which was PCBM/C60 layer; C60 layer was thermal evaporated 
after PCBM was spun coating. It eliminated the leakage current and compensate the passivation of 
trap.62 And ETL has been studying nowadays.   
 
Interfacial modification 
To control behavior of carriers and retard to age the interface due to improvement of device stability, 
researchers have modified the interfacial. Abete et al. used iodopentafluorobenzene (IPFB) inserted 
between perovskite and HTM to increase hole extraction. And there are several try to passivate the TiO2 
surface. C60-SAM modified the TiO2 to reduce non-radioactive recombination. Graphene quantum dot 
10 
 
was inserted between perovskite and TiO2 to reduce electron extraction time and change the electrode. 
In case of PEIE, it was coated on TCE to reduce the TEC work function then schottky barrier was 
impossible to occur between electrode and perovskite. Zwitterionic small molecule and LiF changed 
the electron transport of cathode. LiF was inserted beneath Ag electrode to increase Voc. Cs2CO3was 
also changed the energy level alignment of ITO. Other interfacial layer like poly[(9,9-bis(3’-(N,N-
dimethylamino)propyl)2,7-fluorene)-alt-2,7-(9,9-ioctylfluorene)] (PFN) and batocuprioine (BCP) are 
good at collecting electron, result in change of cathode. On the stability point, Sb2S3 was inserted 
between TiO2and perovskite layer to increase the device stability about the light. On the illumination, 
it made less degradation to format PbI2. Al2O3 also retarded the perovskite decomposition. 
 
2.2.3 Second issue; deposition technique 
Deposition of perovskite is repetition of nucleation and growth. Researcher focused to get high quality 
film resulting from changing morphology, crystallinity, and optoelectronic property. The key point of 
the change 4 factors; first is deposition method, second is surrounding environment, and then third is 
precursor composition. Final is solvents and additive used. High quality film has been studying about 
precursor stoichiometry, thermal treatment, additives, atmosphere, and solvent engineering.47 
 
Techniques of film formation 
Largely, there was three deposition processes according to precursor: vacuum, solution and hybrid. 
First is vacuum deposition. In that deposition, there are two processes. First is co-evaporating of organic 
and inorganic compound.63 The other is a sequential vapor deposition that PbCl2 was first deposited and 
then followed MAI.64 Second is solution processing. This process has been usually used due to easy 
process and low cost. In that process, there are two process, single step and two step sequential 
deposition method.25, 65 On the mesoporous scaffold, both made adaptable layer. But under the planar 
configuration, one step method was not adaptable due to surface energy and nucleation.16 Third is hybrid 
vapor-solution process that is firstly suggested by Chen.66 PbI2 layer was first deposited by spin coating 
and then MAI coating by vapor. As result, lμm of grain was obtained and surface roughness was reduced.  
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Figure 2.4 Different deposition methods of Perovskite films. 
 
 
Precursor stoichiometry 
The ratio of organic compound and inorganic compound affect the quality of perovskite layer. Usually 
3:1 and 1:1 ratio of perovskite precursor has been used. Originally 1:1 ratio is suitable ratio through 
stoichiometry. But in the single step deposition, this film didn’t have full coverage. As the result, 
researcher found the new ratio to solve the problem of the coverage, that ratio is 3:1. 3:1 ratio of 
MAPbI3-xClx has larger grain size than MAPbI3 and film quality was improved.16 And then MAPbI3-
xClxhas higher carrier lifetimes, 100ns than MAPbI3 of ions.35 In that case, perfect MAPbI3layer could 
be obtained through MAI:PbCl2=3:1 ratio. In the planar MAPbI3 structures, non-stoichiometric 
precursor solution is used to get high quality film.67 According to PbI2 to MAI ratio, at lower 0.6 of 
PbI2to 0.1 of MAI ratio (<0.6:0.1) couldn’t fully cover resulting in no photoluminescence peaks and 
absorption edges due to excess MAPbI3. At higher 0.8 PbI2 to 1 of MAI ratios (>0.8:1) format the 
microfibers, so roughness was increased. Recently other researcher team showed excess organic 
compound make colloidal size reduced and substitution of small amount of chlorine make crystalline 
nucleation accelerated.68 To get high quality film, stoichiometry has been deeply considered by many 
researcher teams.  
Thermal treatment 
Thermal treatment is necessary to initiate the reaction for making perovskite structures. Eperon 
compared the morphology of perovskite layer through annealing temperature with MAPbI3-xClx based 
planar perovskite structure.20 They controlled the temperature from 90 oC to 170 oC. With high annealing 
temperature, surface couldn’t be fully covered. Dualeh annealed the substrate at 80 oC for 30 min and 
100 oC for 45 min respectively. Longer annealing time at low temperature couldn’t make any advantages 
of the film quality. Saliba reported the annealing at higher temperatures for shorter times. As that result, 
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recombination losses are reduced at grain boundaries.69 Thermal annealing also affects two steps 
sequential. 
Additives 
Adding small amounts of additives in precursor solution affect the perovskite layer characteristic; 
crystallinity and film coverage. 1% of 1,8-diiodocatane (DIO) was added into precursor solution surface 
coverage and crystallinity were improved. They expected that I- ligand of DIO affect the perovskite 
structures and made solubility of PbCl2 high.70 Zuo added the NH4Cl in precursor and get the high 
performance resulting from high crystallinity and film morphology.71 Chen added the 3% of small 
molecule BmPyPhB in precursor solution to help the formation of perovskite.72 
Atmospheric effects 
Perovskite degraded when they face to moisture, researchers usually make the perovskite layer on the 
nitrogen glove box. But recently, it was reported that perovskite annealed on moderate moisture 
condition has better film quality.73 Voc are influenced by the amount of moisture. You reported that 
moisture make the grain larger resulting in from motion of organic species. So perovskite layer with 
annealed at ambient air has larger grain sizes.74 Xiao try the solvent vapor annealing to optimize the 
layer morphology. He annealed the perovskite layer at 100 oC for 1 hours at DMF vapor condition. It 
helps interaction between PbI2 and MAI.75 
Solvent engineering 
The choice of solvent is important to make the perovskite layer. Usually researchers has been used 
N,N-dimethylformamide (DMF), Ƴ-butyrolactone (GBL) and dimethyl sulfoxide. Solvents have 
different parameter each other like boiling point, viscosity, and solubility. Solvent type affect the 
perovskite quality, so many researchers focused on finding adaptable solvent. Researcher used the DMF 
(b.p. 154 oC) replacement of GBL (b.p. 204 oC) result from high quality film. But MAPbI3 growth rate 
is faster than formation rate of pin holes.59 Then solvent-wash has been used to make dense perovskite 
films. Organic solvent was dropped on the wet perovskite film to lead to fast crystallization. It controlled 
the factor of kinetic of nucleation.76,77 Other researcher used a small amount of GBL in DMF solution 
to reduce the growth rate. GBL and DMSO mixture solvent was used. They used toluene to freeze the 
MAI-PbI2-DMSO and remove the excess DMSO. Nowadays, researcher has been focused on optimized 
the film morphology.76 
14 
 
Chapter 3 
FAPbI3 planar heterojunction perovskite solar cells 
with alkali carbonate doped zinc oxide layer 
 
3.1. Introduction 
Considerable effort to develop renewable energy sources has been expended over the last several 
decades, leading to the demonstration of several new classes of highly efficient photovoltaic cells. 
Inorganic, organic and hybrid light absorbers such as organic bulk heterojunctions, colloidal quantum-
dots and dye-sensitized metal oxide devices have been demonstrated as next generation photovoltaic 
materials.14 However, the emerging class of hybrid organic-inorganic perovskite materials based on 
lead halides has have attracted substantial attention due to their outstanding physical properties such as 
high absorption coefficients, excellent carrier transport with long electron-hole diffusion lengths, low 
exciton binding energies and easily tunable energy band gaps. These superb physical characteristic have 
led to high power conversion efficiencies (PCE) since the first research in the area of solution processing 
perovskite solar cells (PeSCs) was reported in 2009.6  
To achieve highly efficient PeSCs, the perovskite layer must be deposited with a uniform, highly-
crystalline and dense morphology, which completely covers the underlying surface. Diverse methods 
such as vapor-assisted deposition, solvent engineering and intermolecular exchange have been 
introduced to produce uniform perovskite films with large crystal domains and complete surface 
coverage.66, 76, 78 Diverse approaches to improve device performance via control of the film morphology 
have been introduced, such as via interface engineering, induced crystallization with non-solvents, 
incorporation of processing additives and so on.79-80 In the case of interfacial engineering, not only 
obtaining suitable interfacial condition for charge transport, but also tuning the energy band structure 
via doping process is still one of most widely employed techniques.81-85 Recently, Nho et al. reported 
that addition of metal carbonate led to improvement of the electron extracting properties of zinc oxide 
(ZnO) layer via modification its energy levels.86 This result suggests that metal carbonates may be 
applied to improve device performance if the energy level of doped electron transport layer (ETL) is 
matched with the conduction band of the perovskite active layer. 
In this regard, ZnO nanoparticles (NPs) have been used as an ETL in our work due to their 
outstanding electrical and optical properties as well as their easily controlling doping, morphology and 
composition compared to conventional TiO2 ETLs.87-88 Moreover, ZnO NPs films may be coated 
without any thermal treatment and while ZnO possesses a higher conductivity than TiO2, which may 
facilitate electron transport.89-90 However, the highest device efficiency using ZnO ETLs to date has 
only reached 17.1%, compared to TiO2 based ETLs which have achieved over 20% PCE, suggesting 
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that there is considerable room to improve the performance of ZnO based devices.78, 91  
Despite the advantages of ZnO compared to TiO2, ZnO layer has a problem with methylammonium 
lead iodide (MAPbI3, CH3NH3PbI3). In previous literature about ZnO based perovskite solar cell, Yang 
et al. reported that the ZnO layer reacted with MAPbI3 in an acid-base reaction upon annealing the 
devices.92 Since ZnO has a natural base characteristic, it is able to deprotonate the methylammonium 
cation and hence degrades the MAPbI3 layer into methylamine and PbI2 at elevated temperature. For 
these reason, Song et al. reported FAPbI3 which is an alternative materials to MAPbI3 has more thermal 
stability due to difficulty of the deprotonation process.93 Moreover, FAPbI3 has several key advantages; 
lower band gap, improved stability and weaker hysteresis due to well-balanced electron and hole 
transport compared to MAPbI3.94 
Herein, we demonstrate n-i-p type planar heterojunction perovskite solar cells employing spin-coated 
ZnO nanoparticles modified with various alkali metal carbonate including Li2CO3, Na2CO3, K2CO3 and 
Cs2CO3, which serve to tune the energy band structure of the ZnO ETL. Since these doped metal 
carbonate series on ZnO ETL lead the deeper conduction band of ZnO ETL, the electron easily transport 
from perovskite active layer to cathode electrode. PCEs were improved from 11% to 14%, via 
incorporation of alkali carbonates in the ETL. 
 
3.2 Comparison between MAPbI3 and FAPbI3. 
To get further information about the thermal stability at the interface between perovskite layer and 
ZnO, we deposited perovskite layer on ZnO and heated substrates. In this study, MAI and FAI solutions 
were dripped onto PbI2 substrates that already deposited by spin coating and then spin coated to form 
perovskite layer in a nitrogen atmosphere. Films were converted to perovskite structures after annealing 
the substrates.  
 
Figure 3.1 Thermal stability of MAPbI3 and FAPbI3 deposited on ZnO layer, when each substrate is 
annealed in N2 at 100oC for the times indicated. 
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To compare the thermal stability of MAPbI3 and FAPbI3 perovskite, we simultaneously gave heat each 
cell on a hot plate at a temperature of 100 oC. Figure 3.1 compares the thermal stability of MAPbI3 and 
FAPbI3 on ZnO. After 10 min. of heating, we observed that MAPbI3 films had decomposed to MAI and 
PbI2 at the edges, as indicated by yellow color. The decomposition region gradually increased over 90 
min. until the entire MAPbI3 film changed from dark brown to yellow. In contrast, after 120 min., the 
FAPbI3 film did not exhibit any visible decomposition and the color remained dark unchanged, 
indicating that FAPbI3 has better thermal stability with ZnO than MAPbI3. Except thermal stability, this 
report marks the study to utilize a formamidinium-based active layer in conjunction with a ZnO ETL. 
Formation of uniform FAPbI3 film was difficult due to large cation size of FA+. We optimized each 
perovskite layers on the ZnO.  
 
 
 
 
Figure 3.2 (a) Schematic diagram and (b) SEM cross section images of the conventional planar 
perovskite solar cells using doped ZnO.  
 
 
Figure 3.2a presents a schematic diagram of the device architecture used in this study comprising 
sequentially deposited ZnO/perovskite/poly(3-hexylthiophene-2,5-diyl)(P3HT)/Au on indium tin oxide 
(ITO) substrates compared perovskite between MAPbI3 and FAPbI3. In figure 3.2b, a cross-sectional 
scanning electron microscope measurements (SEM) image shows the complete device stack revealing 
that the perovskite materials fully coat the ZnO layer without any defects.  
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Figure 3.3 Current density – voltage characteristics of MAPbI3 and FAPbI3 planar solar cells under 
100mW cm-2 AM1.5 illumination.  
 
 
 
 
Table 3.1 Solar cell characteristic of MAPbI3 and FAPbI3 devices.  
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Figure 3.4 External Quantum Efficiency spectra of each of MAPbI3 and FAPbI3 device. 
 
 
Figure 3.3 shows the current density-voltage curve of MAPbI3 and FAPbI3 solar cell has had lower 
short circuit current density (Jsc) of 18.9 mA cm-2, higher open circuit voltage (Voc) of 1.02 V, and fill 
factor (FF) of 0.55. This device yielded power conversion efficiency (PCE) of 10.7 %. On the other 
hand, FAPbI3 solar cell had higher Jsc of 21,2 mA cm-2, shorter Voc of 0.96 V, FF of 0.58 and PCE of 
11.7 % (Table 3.1). FAPbI3 has a closer bandgap to the Shockley-Queisser maxim, 1.40 eV, so Jsc was 
increased. Figure 3.4 shows External Quantum Efficiency (EQE) spectra that displayed the absorption 
edge about 870 nm of FAPbI3 is higher than MAPbI3 about 800 nm. Addition to the optimization of 
perovskite layer, we found modifying ZnO layer with metal carbonates led to excellent performance.  
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3.3 ZnO doped with metal carbonate 
We demonstrated n-i-p type planar heterojunction perovskite solar cells employing spin-coated ZnO 
nanoparticles modified with various alkali metal carbonates including Li2CO3, Na2CO3, K2CO3, and 
Cs2CO3, which serve to tune the energy band structure of the ZnO ETL. Since these doped metal 
carbonate series on ZnO ETL lead the deeper conduction band of the ZnO ETL, the electron transport 
from perovskite active layer to cathode electrode due to low energy barrier. PCEs were improved from 
11% to 14%, via incorporation of alkali carbonates in the ETL. 
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Figure 3.5a X-ray photoelectron spectra (XPS) data of the Li peak compared between pristine ZnO 
layer and ZnO doped with Li2CO3 layer.  
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Figure 3.5b X-ray photoelectron spectra (XPS) data of the Na peak compared between pristine ZnO 
layer and ZnO doped with Na2CO3 layer.  
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Figure 3.5c X-ray photoelectron spectra (XPS) data of the K peak compared between pristine ZnO 
layer and ZnO doped with K2CO3 layer. 
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Figure 3.5d X-ray photoelectron spectra (XPS) data of the Cs peak compared between pristine ZnO 
layer and ZnO doped with Cs2CO3 layer. 
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Figure 3.6 Ultra-violet photoelectron spectra (UPS) data of the Pristine ZnO layer and each ZnO 
doped with metal carbonate layer. 
 
 
 
Table 3.2 Valence Band (Ev) work function of Pristine ZnO and each ZnO doped with metal carbonate 
layer from UPS measurement 
 
 
To investigate electrical properties of alkali metal carbonates on ZnO nanoparticle layers, we collected 
X-ray photoelectron spectra (XPS) and Ultraviolet photoelectron spectra (UPS). Figure 3.5a showed 
the Li 2p photo-emission peak in ZnO doped with Li2CO3 layer whereas pristine ZnO has any Li 2p 
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peak at all. Also, we obtained Na 1s, K 2p and Cs 3d peaks in ZnO doped with Na2CO3, K2CO3 and 
Cs2CO3 layers as shown in Figure 3.5. These results indicate that all alkali metal carbonates influenced 
the electronic properties of the ZnO nanoparticle layer. We also observed that these doped metal 
carbonates play a key role to change the energy level of ZnO layer from the UPS analysis (Figure 3.6, 
Table 3.2). Secondary cutoff edge which gave the work function level in accordance with gold work 
function and Fermi edge region which presented the valence band maximum (VBM) of each layer was 
gathered to identify the Valence band (VB) of doped carbonate series. VB level of the pristine ZnO was 
much shallow than others, 6.82 eV. ZnO doped with Li2CO3 had the deepest VB of 7.19 eV. Other VB 
levels are 7.00 eV of Na2CO3, 6.84 eV of K2CO3, and 7.18 eV of Cs2CO3.  
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Figure 3.7a UV-Vis absorption spectrum. 
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Figure 3.7b tauc plot spectra of pristine ZnO and ZnO treated with various metal carbonates.  
 
 
 
Table 3.3 Energy gap (Eg) of Pristine ZnO and each ZnO doped with metal carbonate layer derived 
from Tauc plots 
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To get the Conduction band (CB) level, we used valence band level from UPS and optical energy band 
gap from tauc plot (Figure 3.7, Table 3.3). Tauc plot was originated from UV-Vis absorption spectrum. 
Optical band gap of pristine ZnO and all doped ZnO almost same. Using two values, we could get the 
CB level. Tendency of CB was similar with those of VB.  
 
 
 
 
 
Figure 3.8 Energy band diagram of the ITO/ZnO/M2CO3/FAPbI3/P3HT/Au junction, showing the 
influence of various alkali metal carbonates on the ETL band structure.  
 
 
According to Figure 3.8, CB of pristine ZnO was the highest among them, 3.40 eV. Compared to 
pristine ZnO, VB level of ZnO doped with Cs2CO3 was highly changed. Then CB level was 3.77 eV. 
Also, VB level of ZnO doped with Li2CO3 was changed dramatically, so CB level was 4.10 eV. That 
means electrons could be more freely transferred to ZnO doped with metal carbonate layer than pristine 
ZnO from perovskite layer due to lower energy barrier. Then it was expected that lower energy barrier 
affect to PCE. Although doping material make energy level of each layer changed, morphology of the 
ZnO layers doped with various carbonate looked similar.  
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3.4 Analysis of morphology 
 
Figure 3.9 AFM height images (10 μm * 10 μm) of (a) pristine ZnO nanoparticle layer (b) Li2CO3 
deposited on the ZnO layer (c) Na2CO3 deposited on the ZnO layer (d) K2CO3 deposited on the ZnO 
layer (e) Cs2CO3 deposited on the ZnO layer. 
 
 
Figure 3.9 shows atomic force microscopy (AFM) images of pristine ZnO and metal carbonate solution 
on ZnO. RMS values were found to be 2.84 nm for ZnO with Li2CO3, 2.81 nm for ZnO with Na2CO3, 
3.05 nm for ZnO with K2CO3, and 2.48 nm for ZnO with Cs2CO3.  
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Figure 3.10 SEM top-view images of FAPbI3 deposited on (a) a pristine ZnO nanoparticle layer, (b) 
ZnO doped with Li2CO3, (c) ZnO doped with Na2CO3, (d) ZnO doped with K2CO3 and (e) ZnO doped 
with Cs2CO3.  
 
 
After that, we checked the morphology of the FAPbI3 layer deposited on pristine ZnO, and various 
metal doped ZnO via morphology images of SEM in Figure 3.10. The device using K doped ZnO and 
Cs doped ZnO had larger grain size than pristine ZnO. And grain shape looks similar. 
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3.5 Result and discussion 
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Figure 3.11 Electrochemical impedance spectra (Nyquist plot) of perovskite solar cells with and 
without a doped ZnO. 
 
 
Addition to improvement of the ZnO layer using alkali metal carbonates, we made the full device cell. 
To get further information about the interfacial properties, we check the Electrochemical impedance 
spectrum (EIS) in Figure 3.11. This result is different with tendency of the energy level diagram. EIS 
was conducted to study about the alkali metal-doped ZnO effect. It can be measured the interfacial 
properties, such as recombination and electron transport. Nyquist plots of the EIS are measured under 
dark conditions at 0 V. All plots have one semicircle without transmission line (TL) behavior.95 The 
absence of the TL patterns indicated that the recombination of the solar cell is strong interpreted by the 
Gerischer impedance model. Further, single semicircle indicates that interface contact between the 
perovskite layer and the ZnO layer are not likely to be rectifying contacts. In addition, Semicircle size 
is related to the amount of the recombination resistance. That means, the device with ZnO doped with 
Cs2CO3 has higher recombination resistance than with ZnO doped with Li2CO3. Except for doping 
process, all device fabrication parameters were identical. After all, doping only induced the 
recombination resistance. As recombination resistance is higher (lower recombination rates), the solar 
cell performance was increased.  
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Figure 3.12 Current density – voltage characteristics of FAPbI3 planar solar cells deposited on the 
pristine ZnO layer and each ZnO doped with metal carbonate under 100mW cm-2 AM1.5 illumination. 
 
 
 
Table 3.4 Solar cell characteristic of FAPbI3 deposited on pristine ZnO and ZnO doped with various 
metal carbonates. 
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Figure 3.13 External Quantum Efficiency spectra of FAPbI3 planar solar cells deposited on the 
pristine ZnO layer and each ZnO doped with metal carbonate. 
 
 
Figure 3.12 shows current density - voltage curve of FAPbI3 layer deposited on the pristine ZnO or 
other ZnO doped with various alkali metal carbonate. With Pristine ZnO, the device yielded PCE of 
11.7%. It had Jsc of 21.1 mA cm-2, Voc of 0.96 V and FF of 0.58. Li2CO3 and Cs2CO3 made ZnO energy 
level down, then make the energy barrier also low. So, FF and Jsc of two devices for ZnO doped with 
Li2CO3 and with Cs2CO3 were enhanced. Among them, the device doped with Cs2CO3 had 23.1 mA 
cm-2, 0.98 V and FF of 0.62. So, this device had highest efficiency of 14.1%. In the device doped with 
Li2CO3 case, it had Jsc of 21.7 mA cm-2, Voc of 0.93 V, FF of 0.65 and PCE of 13.0%. Other details 
related to each cell performance of these solar cells are listed in Table 3.4. This tendency of the 
efficiency is similar with that of recombination resistance. Figure 3.13 shows EQE curve. Spectrum 
shape of the device used ZnO doped with alkali metal carbonate looks little different with used pristine 
ZnO.  
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Figure 3.14 Histogram and Gaussian curves of the device efficiency about FAPbI3 perovskite solar 
cell deposited on the pristine ZnO, ZnO doped with Li2CO3, and ZnO doped with Cs2CO3. 
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Figure 3.15 Histogram of the device short circuit current density about FAPbI3 perovskite solar cell 
deposited on the pristine ZnO, ZnO doped with Li2CO3, and ZnO doped with Cs2CO3.  
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Figure 3.16 Histogram of the device open circuit voltage about FAPbI3 perovskite solar cell deposited 
on the pristine ZnO, ZnO doped with Li2CO3, and ZnO doped with Cs2CO3.  
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Figure 3.17 Histogram of the device fill factor about FAPbI3 perovskite solar cell deposited on the 
pristine ZnO, ZnO doped with Li2CO3, and ZnO doped with Cs2CO3.  
 
 
Figure 3.14 shows PCE statistics for solar cells using FAPbI3 layers deposited on pristine ZnO, ZnO 
doped with Li2CO3 and ZnO doped with Cs2CO3, while statistics for individual device parameters are 
reported. This curve shows that devices using ZnO doped with Cs2CO3 yielded significantly higher Jsc 
compared to other devices which used pristine ZnO, or ZnO doped with Li2CO3. To demonstrate the 
accuracy of tendency, we made the histograms of Jsc, Voc, and FF for 50 individual devices for FAPbI3 
perovskite solar cell using the pristine ZnO, Li-doped ZnO, Cs-doped ZnO. In Figure 3.15, average of 
Jsc was increased per pristine ZnO, Li-doped ZnO, Cs-doped ZnO. Voc average was approximately 
similar in Figure 3.16. In case of FF, the device using doped ZnO has higher value than using pristine 
ZnO due to lower energy barrier (Figure 3.17).  
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3.6 Conclusion 
In summary, I successfully investigated FAPbI3 perovskite solar cells using doped alkali carbonate 
including Li2CO3, Na2CO3, K2CO3 and Cs2CO3 on ZnO ETL with low temperature solution processing 
techniques. As an alternative to TiO2, ZnO nanoparticles are electron transport materials for efficient n-
i-p planar heterojunction solar cells which can be used on flexible substrate via roll-to-roll processing. 
Due to base characteristic of ZnO, I optimized the uniform and dense FAPbI3 layer on ZnO. But there 
is energy barrier between conduction band of ZnO and that of FAPbI3. To solve this problem, I focused 
the tuning the energy band. These alkali carbonate is well modified the CB level of ZnO. Doped ZnO 
lead electrons easily transport from perovskite to cathode electrode. Additionally, perovskite solar cells 
with Cs-doped ZnO have lower recombination rates than solar cells with other doped ZnO or pristine 
ZnO. Thus, the perovskite solar cell using Cs-doped ZnO showed higher performance than those of 
other alkali metal carbonate over 14.1% PCE.    
 
3.7 Experiment method 
All chemicals were purchased from Sigma Aldrich and used as received. 
 
Preparation of ZnO nanoparticle: ZnO nanoparticles were prepared by reaction between a zinc acetate 
solution (23.6 mg ml-1 [Zn(CH3COO)2.2H2O] in methanol) and a potassium hydroxide solution (31.6 
mg ml-1 in metanol in a 250 mL round bottom flask at 60 oC for 21 h with string. And then this particle 
was dissolved in CF, Methanol mixture.96 
 
Preparation of the perovskite precursor: MAI was prepared by reacting 30 ml of methylamine solution 
(40 % in water) with 30 ml of hydroiodic acid (57 wt% in water) in 250 ml round bottom flask at 0 oC 
for 2 h under string with the Argon condition. And the solvent was thermal evaporated under vacuum 
at 60 oC for 1 h to obtain a white raw product. The white raw product was washed with diethyl ether 
three times. After filtration, the product was dissolved in ethanol and recrystallized by ethanol for 20 h. 
Then the precipitate was washed with diethyl ether and filtered. The filtered solid was dried at 60 oC 
under vacuum for 24 h. FAI was prepared by reacting 0.45 g ml-1 solution of formamidinium acetate in 
absolute methanol with 30 ml of HI. The reaction conditions and cleaning process were same to those 
of MAI preparation. To prepare perovskite precursors, Firstly PbI2 was dissolved in DMF for a 
concentration of 1.3 M with NMP 1 mM and secondly FAI(MAI) was dissolved in isopropanol of 80 
mg ml-1(65 mg ml-1). This obtained solution was stirred at room temperature for 1 h in air and used 
subsequently for device fabrication.  
 
Device fabrication and characterization: ITO-coated glass substrates were washed by ultrasonication 
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with DI water, acetone, and isopropanol for 20 minutes each. ZnO nanoparticles were spin coated at 
3000 rpm for 10 s. For the perovskite layer, PbI2 was dissolved in DMF and spin coated at 5000 rpm 
for 30 s. Secondly 80 mg ml-1 FAI in isopropanol was dropped on the PbI2 film and spin coated at 5000 
rpm for 30 s and dried at 130 oC for 20 min. MAI are similar to FAI, apart from concentration and 
annealing condition, which was 65 mg ml-1, and 100 oC for 2 min. During that process, perovskite film 
was formed. 20 mg ml-1 P3HT dissolved in CB were deposited on the perovskite layer by spin coating 
at 1000 rpm for 30 s. In that case, P3HT solution didn’t contain any dopant like Li-TFSI or TBP. Finally, 
70 nm gold was deposited by thermal evaporating under vacuum (<10-6 Torr). 
The current density-voltage (J-V) characterization of the solar cell devices were obtained using a 
Kiethley 2635A Source Measure Unit under AM1.5G with irradiation intensity of 100 mW cm-1. The 
active layer was 0.13 cm2. External Quantum Efficiency (EQE) measurements were measured with a 
PV measurement QE system under ambient conditions. With monochromated light from a xenon arc 
lamp.  
 
Film characterization: Scanning electron microscope measurements (SEM) were performed using an 
S-4800 Hitachi high-Technology microscope. SEM samples were prepared by deposited perovskite 
precursor solutions on ZnO or doped ZnO layer by spin-coating two step method, followed by annealing 
at 130 °C for 10 min on a hotplate. UV-vis absorption was measured using a Varian Cary 5000 
spectrophotometer. AFM images were obtained using a Veeco Multimode AFM microscope in a 
tapping mode.  
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